[1] Radio occultation remote sensing of the Earth's atmosphere by use of GPS encounters problems in the moist lower troposphere (planetary boundary layer). The negative errors in retrieved refractivity (bias) may not be explained by the horizontal inhomogeneity in refractivity. In part, these errors can be attributed to the use of signal tracking algorithms inappropriate for the complicated structure of radio occultation signals propagated through the moist troposphere. However, another fraction of the negative bias in retrieved refractivity can be related to the superrefraction. In this study we introduce the problem and give an estimate of the negative refractivity errors in the moist planetary boundary layer, which in some cases can be as large as $10%. We show that the magnitude of these errors significantly varies over oceanic areas. We validate the canonical transform method by use of the radio occultation signals simulated for complicated refractivity structures, including multiple superrefraction layers and small-scale irregularities. We find that this method does not introduce errors additional to those existing in geometric optics. Also, we discuss and estimate an additional error source when inverting occultation signals by radioholographic methods: insufficient extension of the acquired signal, which can contribute to about 1% error of the retrieved refractivity.
Introduction
[2] Radio occultation (RO) remote sensing of the atmosphere includes transmission and reception of coherent radio signals propagating through the atmosphere between satellites (such as the Global Positioning System (GPS) and low Earth orbiting (LEO) satellites) [Melbourne et al., 1994; Hocke, 1997; Kursinski et al., 1997; Rocken et al., 1997; Steiner et al., 1999; Feng and Herman, 1999; Syndergaard, 1999; Kursinski et al., 2000; Wickert et al., 2001; Hajj et al., 2002] . Refraction of radio waves in the atmosphere affects the phase and amplitude of radio signals. Interpretation (inversion) of the acquired complex RO signals includes calculation of the bending angle of a ray as the function of impact parameter, under the assumption of local spherical symmetry of refractivity. Then this function is inverted into the refractivity as the function of radius (by Abel inversion). The errors introduced by large-scale horizontal inhomogeneity in refractivity were considered by Gorbunov et al. [1996a] , Ahmad and Tyler [1999] , and Healy [2001] . The magnitude of these errors can be different, but, statistically, they do not introduce a significant bias.
[3] The systematic negative retrieval errors (bias) in the tropospheric refractivity originally were noticed and discussed by Rocken et al. [1997] . These errors are much larger in tropics than in polar regions. In part, the lower tropospheric bias can be related to the tracking errors under complicated signal dynamics typical for propagation in the moist troposphere (G. Beyerle et al., Simulation studies of GPS radio occultation measurements, submitted to Radio Science, 2002). These errors must be minimized by use of the open loop tracking [Sokolovskiy, 2001b] . Another portion of the negative errors can be related to the superrefraction (SR) which introduces a serious problem for RO. The SR results in negative errors in the refractivity retrieved by the Abel inversion below the SR layer. This problem has been discussed by Kursinski et al. [1997 Kursinski et al. [ , 2000 . In this study we introduce the problem in more details and give an estimate of the negative refractivity error possible in the planetary boundary layer (PBL). We show that the magnitude of these errors significantly varies over oceanic regions.
[4] The retrieval errors considered in this paper depend on the method of calculation of the bending angle profile from RO signal. Under the conditions of multipath propagation, typical for the moist troposphere, the radio holographic (RH) methods [Gorbunov et al., 1996b; Karayel and Hinson, 1997; Mortensen and Hoeg, 1998; Gorbunov and Gurvich, 1998; Hocke et al., 1999; Igarashi et al., 2000; Gorbunov et al., 2000; Gorbunov, 2001; Sokolovskiy, 2001a; Gorbunov, 2002a Gorbunov, , 2002b Gorbunov, , 2002c Jensen et al., 2003 ] are commonly applied. In this study we use the canonical transform (CT) method [Gorbunov, 2001 [Gorbunov, , 2002b [Gorbunov, , 2002c .
[5] In Section 2 we introduce the effect of superrefraction in geometric optics (GO) and estimate errors in the refractivity retrieved by Abel inversion. For this purpose we use radiosonde refractivity profiles. In section 3 we model RO signals in case of SR and apply CT method for their inversions. In Section 4 we validate the CT method in case of small-scale refractivity irregularities. We demonstrate the effect of the extension of acquired RO signal on the refractivity retrieved by RH method. As the variable, instead of the time, we use the height of tangent point (perigee) of the straight line transmitter-receiver (HSL), which is more appropriate for characterization of the penetration of the receiver into radio shadow zone.
Superrefraction in the Geometric Optics
[6] In the geometric optics (GO), in case of the spherically symmetric refractivity N(r), a ray is the plain curve satisfying the Snell's (Bouger's) law [Born and Wolf, 1964] 
where r is the radius from the center of symmetry, n(r) = 1+10 À6 N(r) is the refractive index, f is the angle between the ray and the direction from the center of symmetry, and a is the impact parameter (constant for a given ray). The bending angle of a ray is a = R dl/r where r is the local curvature radius of the ray and dl is the differential path length. A ray is symmetric with respect to its tangent point r 0 (where f = 90°), and the bending angle a for the section of the ray between two points r* around r 0 , is [Tatarskiy, 1968] 
For a given a(r 0 ) the expression (2) is the nonlinear equation for n(r). Replacement of the variables: x = rn(r) and a = r 0 n(r 0 ) transforms (2) into the linear equation for ln n(x)
Equation (3) is valid when r(x) is the single valued (or, x(r) is the monotone) function. Then (3) can be solved by the substitution of variables x 2 = x and a 2 = h and by applying the Abel's transform [Korn and Korn, 1961] ln
Commonly, the first term in (4) is omitted [Eshleman, 1973] , by assuming that a(a) is known (measured) up to a large enough value x* so that n(x*) = 1 and a (x*) = 0.
[7] Normally, in the atmosphere dn/dr < 0 and dx/dr = n + rdn/dr > 0. However, if the refractivity gradient is bigger than the critical, dn/dr < Àn/r, or dN/dr ] À157 N/km, then dx/dr < 0. This is considered as the superrefraction (SR). The functions n(r), n(x), and x(r) in case of an elevated SR layer are shown in Figures 1a -1c . The ray curvature radius at tangent point is r 0 = Àn(r 0 )(dn/dr)j r 0 À1 . Thus inside a SR layer r 0 < r 0 . The rays with tangent points inside and below the SR layer, r 1 < r 0 < r 3 , are internal (they may not start and end outside the atmosphere). Each internal ray has infinite number of tangent points: apogees inside the SR layer r 2 < r 0 < r 3 (r 0 < r 0 ) and perigees below the SR layer r 1 < r 0 < r 2 (r 0 > r 0 ) The two rays with r 0 = r 2 and r 0 = r 3 are circular. Each external ray (that starts and ends outside the atmosphere) has one tangent point, either r 0 > r 3 or r 0 < r 1 . Thus the external rays may cross an elevated SR layer but they may not have tangent points inside. The function a(r 0 ) for external rays has two singularities at r 0 = r 1 and r 0 = r 3 and a gap between them, which corresponds to internal rays. The function a(a) has singularity at a = x 1 , but no gap in a, since x 1 = x 3 . The functions a(a) and a(r 0 ) are shown in Figures 1d  and 1e . In the presence of a SR layer r(x) is a multivalued function, and the solution (4) is not valid at x < x 3 . Formal application of (4) for a(a), calculated for the external rays, results in the negative errors in the retrieved refractivity inside and below the SR layer. The errors of the Abel inversion are related to the absence of the external rays with tangent points inside and below the SR layer (but not to inaccurate integration through the singularity in a(a); for the refractivity profiles used in this study the decrease of the integration step to 1 m stabilizes the results). The external rays with the tangent points approaching a SR layer from above, are ''sliding'' along the top of the layer, by accumulating infinitely increasing bending angle. The external rays, which cross an elevated SR, have tangent points below the SR layer. In GO approximation, the external rays may not be trapped by SR layer. Trapping of the external rays may occur due to only the effects of diffraction and horizontal inhomogeneity in the refractivity.
[8] The SR commonly is caused by big lapse of humidity on top of moist planetary boundary layer (PBL) [Garratt, 1992] . The height (depth) of the PBL can be up to few kilometers. The thickness of the interfacial layer on top (where the main lapse in refractivity occur) can vary from tens to hundreds of meters. The structure of PBL, horizontally, is more homogeneous and thus the SR is more probable, over oceanic surface than over land. As it follows from airborne lidar observations, in some cases there is evidence of very stable depth of marine PBL with standard deviation of several tens of meters over distances of $60 km (D. Lenschow, personal communication, 2002) . In such cases the assumption of spherical symmetry in refractivity can be fairly well applicable for radio wave propagation. Figure 2 shows an example of radiosonde refractivity profiles N(z), where z = rÀr E and r E is the Earth's radius, on January 22 -24, 2002 at St. Helena Island (15.97°S, 5.70°W). Due to the temperature inversion, which is common on top of the PBL, regular radiosondes, providing significant levels, can reproduce the refractivity gradient on top of the PBL fairly well. The three profiles N(z) on adjacent days clearly indicate PBL with the SR gradient on top.
[9] We interpolate the radiosonde profiles N(z) by cubic splines. Then we calculate a(a) by use of (3) and invert it into N(z) by use of (4). However, it is difficult to use this GO effect for identification of the SR in RO data, due to uncertainty in the cutoff altitude introduced by RH methods (see Section 4).
[10] The structure of marine PBL can be different in different geographic regions [Garratt, 1992] . This may result in statistically different negative errors of RO in those regions. For the validation we use two ensembles of radiosonde profiles for St. Helena Island (site 1) and Atoll Kwajalein, 8.7°N, 167.7°E (site 2), for three winter months 2001 -2002 . The total number of available radiosonde profiles for the sites 1 and 2 was 52 and 169; remained after quality check 52 and 155. The mean profiles N(z) for both sites are shown in Figure 4a . As seen, the top of PBL is more pronounced at the site 1. It is clear that not all the refractivity variations, traced by radiosonde profiles N(z), have large horizontal extension. Direct use of radiosonde profiles for simulation of RO retrieval errors may result in their overestimation, because local variations of N(z), with dN/dz exceeding critical, are treated as spherically symmetric and thus result in SR. We use an ad hoc approach, by averaging each three consequent profiles N(z). The time interval spanned by such averaging varies from one to several days (because not all of the 12 hr soundings are available). Such averaging retains the refractivity structures having large correlation time, and thus, most likely, large horizontal correlation distance, by suppressing the noncorrelated structures. The effect of averaging was especially noticeable for the large and sharp variations of refractivity at 2 -5 km for the site 2, noncorrelated between consequent soundings and most likely caused by convection. The effect of averaging was not so significant for the site 1. For each averaged profile N(z) we calculate the refractivity retrieval error by applying forward (3) and inverse (4) GO operators. Figure 4b shows the mean N retrieval error for both sites. The mean negative refractivity bias is about 10 times larger at the site 1 than at the site 2. At the site 2 the magnitude of negative errors due to SR, on certain days, was about 2/3 of that for the site 1. But, at the site 2 there were extended periods without the SR, while at the site 1 the SR was present on all days.
[11] Formally, the Abel inversion can be applied below the SR layer, by use of n(x 1 ) as the upper boundary condition
In (5), the bending angle a 1 is defined for the section of ray below r 1 . Thus the function a 1 (a) is related to the function a(a), measured in RO, as follows where the first term in (6) is known from the Abel inversion above the SR layer, while the next two terms are not known. Estimation of these terms (application of the modified Abel inversion (5,6)) could be possible in closed loop, by use of a feedback from a high resolution numerical weather prediction (NWP) model. A more straightforward approach, which is under development in meteorology, is direct variational assimilation of a(a) by NWP models [Zou et al., 2000] . However, in case of SR the true and the Abel retrieved refractivity profiles yield the same function a(a). Figure 5a shows the subset of the profiles N(z) filling space between the true and the Abel retrieved N(z) from Figure 3b (each profile is characterized by a constant ratio of deviations from both). Figure 5b shows the corresponding subset of profiles a(h), where h = aÀr E is the height of ray asymptote. As seen, noticeable difference between the profiles a(h) can be observed only within a rather narrow range of h. Both the true and the Abel retrieved N(z) are mapped into the right profile a(h), while the median N(z) is mapped into the left a(h). Assimilation of the bending angle affected by SR formally results in two local minima in cost function, which correspond to the true and the Abelretrieved N(z). These minima are not well separated, according to low sensitivity of a(h) to the subsets N(z) like that shown in Figure 5a . Thus the assimilation of the bending angle, affected by the SR, is an ill-conditioned problem. When assimilating the bending angle affected by the SR, the model state vector must be nudged from the Abel-retrieved N toward bigger N. If an NWP is incapable of reproducing the SR on top of PBL, the RO data, thought to be affected by the SR, must rather be discarded than assimilated below the top of PBL.
Inversions of the Simulated RO Signals
[12] For the simulations of RO signals we use the multiple phase screens (MPS) method, as described by Sokolovskiy [2001a] . We assume incident plane wave propagating in x direction and the vertical straight line observational trajectory in y direction normal to x, where x = 0, y = 0 correspond to Earth's limb (thus y is equal to the height of straight line transmitter-receiver (HSL)). The observational trajectory is located at x = L = 3000 km, by approximately modeling LEO observations from 750 km altitude. The vertical discretization step Dy is 1 m. The distance Dx between the phase screens, for all RO signals simulated in this study, is 100 m. This distance satisfies the condition formulated by Sokolovskiy [2001a] , and its further decrease does not cause any significant change of the simulated RO signal and the inverted profiles. [13] Figure 6 shows amplitude of RO signals, simulated for the original (A1) and for the Abel retrieved (A2) profiles N(z) from Figure 3a . Although the difference between these N profiles is significant, the corresponding RO signals, which differ due to only diffractional effects, are almost indiscernible. A3 shows the difference in the accumulated phase for the signals A1 and A2, which is of order of L1 wavelength $19 cm. Thus the diffractional effects are small (on the background of the effects of noise and the small-scale N irregularities) and unlikely can be used for the detection of SR. Figure 7 shows amplitude of RO signals simulated for the true (B1 and C1) and the Abel-retrieved (B2 and C2) radiosonde profiles N(z) from Figures 3b and 3c. The two RO signals in each pair, also, are almost indiscernible except for some difference between C1 and C2 at À75-50 km HSL, which is attributed to extrapolation of the retrieved N profile at the bottom of Figure 3c . Generally, amplitude of RO signal is very sensitive to small-scale structure of N. The RO signals simulated for the radiosonde N profiles (Figures 3b and 3c ) are much more complicated than the signal for the simple N model (Figure 3a) . Thus the deep fading of amplitude (at À100-50 km HSL, in Figure 6 , signals A1 and A2), generally, may not be considered as the necessary condition for identification of the SR or critical refraction in RO signals.
[14] Advanced methods of the reconstruction of a(h) from the diffracted electromagnetic field, the canonical transform (CT) method by Gorbunov [2001 Gorbunov [ , 2002b Gorbunov [ , 2002c and the full spectrum inversion (FSI) method by Jensen et al. [2003] use the complex signal (phase and amplitude) acquired during the whole occultation. These methods do not depend on tunable parameters (like the position of back propagation trajectory or the size of sliding aperture) and allow accurate reconstruction of the single-valued a(h) matching very closely the a(h) in GO. Gorbunov [2002b] validated the CT method by RO signals simulated by use of global NWP model, and applied this method for inversions of real RO signals [Gorbunov, 2002c] . In this study we validate the CT method by RO signals simulated in case of the SR (including thin multiple SR layers) and small-scale refractivity irregularities not reproduced by NWP models.
[15] For calculation of a(h) we transform the complex RO signal u(y) = A(y)exp[iF(y)], specified on straightline trajectory x = L, from yÀ to hÀ representation v(h) = B(h)exp[iC(h)] (details can be found in [Gorbunov, 2002b] 
where k is the wavenumber and e u h ð Þ is the angular spectrum of the acquired RO signal 
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Then a(h) = Àk À1 dÉ/dh. The amplitude B(h) is close to constant, by decreasing to zero below some h, tracing the GO shadow zone. To determine the cutoff h cut for the calculated a(h), we approximate B(h) by a step-function
where B 0 is the mean value of B at large enough h. Thus calculated a(h) at h > h cut is used for reconstruction of N(z) by the Abel inversion (4).
[16] Thin dotted lines in Figure 3 show N(z) retrieved by Abel inversion from a(h) calculated by the CT method. As seen, the N profiles retrieved from the CT and GO a(h) are almost indiscernible. Thus, in case of SR, the CT method does not introduce errors additional to those existing in GO. We note that such RH methods as the back propagation and the sliding spectral (radio optics), in case of SR, do introduce errors additional to those in GO [Gorbunov et al., 2000; Sokolovskiy, 2001a] .
Effect of the Small-Scale Refractivity Irregularities
[17] To study the effect of small-scale, nonspherically symmetric refractivity irregularities on the inversions of RO signals we model 2-D irregularities in x, y (vertical) plane, by neglecting focussing/defocussing in the transverse (horizontal) direction. Modeling of the propagation through 3-D tropospheric irregularities in RO, computationally, is very difficult. However, the results of the 2-D modeling already allow to draw important conclusions. The structure of refractivity in the moist troposphere, induced mainly by the structure of water vapor, is complicated and not well known. In some studies of the tropospheric propagation [see Gilbert et al., 1999] they use two ''extreme'' models of irregu- larities: statistically isotropic (based on large-eddy simulations), and horizontally homogeneous (''plywood'') and conclude about their validity on the base of comparison of the modeled and observed signals. In this study we utilize the refractivity spectra obtained from the high resolution tropical radiosondes used by Sokolovskiy [2001a] . We interpolate the refractivity profiles, originally sampled at $25 m height increment, onto a uniform grid in the height interval 0 -6.4 km. Then we detrend and norm the profiles: n = (N À hNi)/hNi, where hNi is the Fourier filtered profile with Gaussian response of 1 km width. Figure 8a shows three spectra calculated from the n profiles. The rms fluctuation of n in the spectral interval (1/1000 À 1/50) m is about $0.015. We use the log-linear approximation of the spectra (shown by bold line in Figure 8a ) as the spectral windowing function for the generation of 2-D (isotropic) m(x, z) and 1-D (horizontally homogeneous) m(z) Gaussian random fields with increments Dx = 25 m and Dz = 25 m, shown by grey scale in Figure 8 . Then we model the refractivity N(x, z) = N 0 (z)[1+m(x, z)] where N 0 (z) is the background exponential model. For MPS propagation we average N(x, z) between the phase screens spaced at Dx = 100 m. We note that the spectra in Figure 8a are representative of a rather large altitude range 0 -6.4 km (while the spatial structure of N irregularities can be different below and above the top of PBL).
[18] Figure 9 shows RO signals simulated for different N models: background model (Figure 9a ), 2-D isotropic irregularities (Figure 9b) , and 1-D horizontally stratified irregularities (Figure 9c ) (the model in Figure 9c results in thin multiple SR layers). The 2-D irregularities do not cause noticeable propagation of radiowaves at HSL < À100 km, the same as for the background model. The 1-D irregularities result in propagation of radiowaves down to very low HSL. It is clear that the used 1-D model of N irregularities is not fully realistic. Apparently, the moist troposphere contains N irregularities with wide spectrum of horizontal-to-vertical aspect ratio. It must be noted that the effect of the small-scale irregularities on propagation makes it difficult not only the acquisition (tracking) of RO signals, but also the detection and interpretation of reflected signals in tropical and subtropical regions [Beyerle et al., 2002] .
[19] Figure 10 shows the results of application of the CT method for the simulated RO signals (Figures 9b and  9c ). Left and right graphs show the bending angle a(h) and the amplitude B(h) calculated from the transformed RO signal (7). As seen, the structure a (h) and B(h) is substantially different in 2-D (B1 and B2) and 1-D (C1 [20] In GO approximation, under the single ray propagation, a value a for a given h depends on the gradient of phase at one point on the observational trajectory. Multipath propagation and diffraction result in that the value a for a given h depends on the complex RO signal in an extended interval. Formally, a(h) can be retrieved by use of RO signal of different extension, but the result may be different. Below we demonstrate the effect of 2-D and 1-D N irregularities and the effect of the extension of RO signal, processed by the CT method, on the Abel-retrieved N profiles.
[21] Figure 11 shows the reference (bold line) and the Abel retrieved (thin line) N(z). In the 2-D case ( Figure  11a ) the reference N(z) is the mean exponential N 0 (z), while in the 1-D case ( Figure 11b ) the reference N(z) is the true profile. In the 2-D case ( Figure 11a ) the RO signal was at first used down to À100 km HSL (cutoff at z ' 0 km). As seen, the 2-D irregularities do not introduce any significant errors in the retrieved N(z).
Then the RO signal (Figure 11a ) was used down to À50 km HSL (cutoff at z ' 3.9 km). In this case, also, there are no significant retrieval errors above the cutoff. In the 1-D case ( Figure 11b ) the RO signal was at first used down to À150 km and À100 km HSL (cutoff at $0 km). The corresponding retrieved N(z), negatively biased as compared to the true N(z), are shown magnified in the separate box. It is important that the negative N error is bigger when RO signal is used down to bigger value of HSL. Dotted line shows N(z) retrieved from GO a(h), which is in good agreement with the N(z) retrieved from CT a(h) by use of RO signal down to À150 km HSL (the difference is much smaller than the error due to the SR). Then the RO signal (C) was used down to À50 km HSL (cutoff at $3.8 km). As seen, this results in the additional significant retrieval error above the cutoff.
[22] Generally, RO signals must be acquired down to HSL which can be estimated as Àa Á L. For example, for L = 3000 km, and maximal a ' 3.5 Á 10 À2 rad (Figure 10 , bending angle B1), the minimal HSL ' À105 km, which is in reasonable agreement with Figure 9b . However, the SR (which formally results in singularities in a(h)) causes radiowave propagation down to very low HSL (Figure 9c ). In this case, theoretical estimation of the minimal HSL, sufficient for RO signal acquisition, is difficult. Based on the simulations and inversions of ''worst case'' RO signals in this study, it can be concluded that acquisition down to À150 km HSL is sufficient in the sense that the results of RH inversions are close enough to the results obtained in GO.
[23] Effect of the extension of RO signal on RH inversion can be demonstrated by use of real RO signals. Figure 12a shows L1 RO signal for one of the GPS/MET occultations (June 23, 1995, 1:56UTC, 16.7S, 171.1E) . Figures 12b and 12c show CT amplitude B(h) in the cases when the RO signal was used up to 85 s ( Figure  12b ) and up to 70 s (Figure 12c ). Figure 12d shows the retrieved profiles N(z) in Figures 12b and 12c . The horizontal dashed lines in Figures 12b-12d show cutoff altitudes. As seen, truncation of RO signal results in the additional negative N retrieval error of about 1% above the cutoff altitude. According to the results of the simulations, discussed above, this provides evidence that the irregularities with big horizontal-to-vertical aspect ratio play a role in radiowave propagation in the moist lower troposphere.
Conclusions
[24] The inverse RO problem, in case of the SR, is illconditioned. The refractivity, retrieved from RO signals by Abel inversion, is negatively biased inside and below SR layers. This bias is related to the absence of external rays with tangent points within the certain altitude range. The true and the Abel-retrieved refractivity profiles in case of SR correspond to the same bending angle as the function of impact parameter. The difference between the corresponding RO signals due to diffraction is small, compared to the effect of noise and small-scale refractivity irregularities.
[25] The magnitude of the negative refractivity bias, induced by SR, below the top of sub-tropical PBL, significantly varies over oceanic regions, and in certain cases can be as large as $10%. When assimilating RO data affected by SR, an NWP model must be nudged from the Abel-retrieved refractivity toward bigger magnitude inside and below the SR layer. If an NWP model is incapable of reproducing the SR, the RO data, thought to be affected by SR, must rather be discarded than assimilated.
[26] The deep fading of amplitude of RO signal can be indicative of the SR or critical refraction, but not in all cases. A big positive spike in the bending angle and the corresponding big negative gradient (close to critical) in the Abel-retrieved refractivity, at altitude typical for the top of moist PBL, can be used as potential indicator of SR.
[27] The CT method of reconstruction of the bending angles from the diffracted RO signal, in case of SR (including multiple thin SR layers), does not introduce inversion errors additional to those errors existing in GO. The refractivity irregularities with small horizontal-tovertical aspect ratio do not introduce any noticeable bias in RO inversions by use of the CT method. But, such irregularities result in significant fluctuation of the CT amplitude and smear its transition to zero, thus introducing an uncertainty in the cutoff altitude. The refractivity, retrieved from one RO signal, truncated at different HSL, can be different above the cutoff altitude. The effect of the additional negative retrieval errors of about 1%, after the truncation of RO signal, is found in real RO observations. For the simulated ''worst case'' RO signals, acquisition down to À150 km HSL is sufficient. Open loop tracking [Sokolovskiy, 2001b] allows acquisition of RO signals at any HSL. An optimal minimal HSL can be found experimentally, by comparing the retrieval results after truncation of RO signal at different HSL. The retrieved refractivity profiles must be truncated by use of geoid or terrain or model, rather than on the base of CT amplitude.
